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M Occupied | Resample No.of |No ofBits| Mo of | No of
Bandwidth Rate Complex | Required | Octels | Dotsls
{RiHz} {MHz} Samples per
Satiple

5 S RET 3 14 175 28040

3 A 13333 B 14 1.75 5800
3 15 S0.000 24 14 175 24,00
& 20 S8 857 32 14 1.75 11200
G 30 40500 45 14 175 1R800
8 40 53,333 &4 12 150 AR
G 45 RARNEE 72 12 153 | 21800
it & B & &h 12 Sl 2400
¥ et T3.333 g8 12 1ED ¥
12 &0 80400 S 12 1.58 0
14 70 R3.333 142 13 1.50 a0

FIG. 4
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Length 2
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Interpacket Gap 12
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*»  Control Ethernst 15
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1
SYSTEMS AND METHODS FOR
TRANSPORTING DIGITAL RF SIGNALS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This is a continuation of U.S. patent application Ser. No.
13/814,459 filed on Feb. 5, 2013, entitled “Systems and
Methods for Transporting Digital RF Signals,” which is the
U.S. national phase of International Application No. PCT/
US2011/056809 filed on Oct. 19, 2011, entitled “Systems
and Methods for Transporting Digital RF Signals”, which
application claims priority to U.S. Provisional Application
No. 61/394,462, filed Oct. 19, 2010 and titled “Systems and
Methods for Transporting Digital RF Signals,” the entirety
of each of which is incorporated herein by reference.

TECHNICAL FIELD OF THE DISCLOSURE

The present invention relates generally to telecommuni-
cations and more particularly (although not necessarily
exclusively) to efficiently transporting digital RF in a dis-
tributed communications system.

BACKGROUND

A communications system can include a distributed sys-
tem capable of transporting signals between carriers and
user devices, such as mobile devices. An example of a
distributed system is a distributed antenna system that
includes one or more master units in communication with
carrier systems, such as base transceiver stations of cellular
service providers. The distributed antenna system can
include remote antenna units physically separated from the
master unit, but in communication with the master unit via
a serial link that may be copper, optical, or other suitable
communication medium. The remote antenna units can also
be in wireless communication with user devices. For
example, the remote antenna units may be positioned in a
building, tunnel, or other structure that prevents or limits
communications directly with the carriers.

The master unit can facilitate communication between the
carrier systems and the remote antenna units. For example,
the master unit can down-convert and digitize via an analog-
to-digital converter (A/D) signals received from the carriers
and can multiplex the signals into frames that are transmitted
over the serial link to the remote antenna units. A signal may
be one or more channels having a composite analog or
digital waveform with a bandwidth that can be up to the full
bandwidth of a designated telecommunication band.
Examples of telecommunication bands include US Cellular,
SMR800, AWS700, SMR900, EGSM900, DCS1800,
PCS1900, and UMTS2100. The remote antenna units can
include a digital-to-analog converter (D/A) to convert the
signals to analog signals. The remote antenna units can
frequency shift the analog signals to a frequency for trans-
mission to the user devices. Communications from the user
device can be similarly processed and transmitted. For
example, a remote antenna unit can digitize and package the
signals into frames that are transmitted via the serial link to
the master unit. The master unit can convert the digital
signals to analog signals at a frequency for transmission to
the appropriate carrier.

The master unit can transmit several bands of signals via
the serial link to the remote antenna system for distribution
to various user devices. The bands of signals can be digitized
using a common sample rate. The serial link, however, has
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a finite amount of bandwidth (e.g. 10 Gbps) available for
transferring digitized signals between the master unit and the
remote antenna system. Because the bands are sampled at a
common sample rate (including those bands having lower
bandwidth requirements), serial link bandwidth is underuti-
lized. Accordingly, it is desirable to utilize serial link band-
width more efficiently.

One technique to utilize serial link bandwidth more
efficiently includes selecting optimal A/D and D/A sample
rates for each band to be transported. For example, the
master unit can include a plurality of A/Ds. Each A/D is
associated with a sample rate provided by a sample clock.
The sample rate for an A/D can be selected to accommodate
the band of the respective signals being converted by the
A/D. The corresponding D/A can use the same sample rate
provided by a sample clock at the remote antenna units. The
result is that the master unit transports just the required
amount of bandwidth for each band at the serial bit rate of
the serial link.

Implementing this technique, however, can be problem-
atic. Generating different sample rates for A/Ds (or for
D/As) can be expensive. It can also be difficult to accomplish
using hardware. For example, the sample rates must be
programmable, requiring low noise frequency synthesizers
that can both increase costs and cause performance degra-
dation based on phase noise introduced into the system.
Furthermore, this technique requires that the front-end sys-
tems that include the A/Ds or D/As be specially manufac-
tured or configured, limiting the ease of manufacturing and
replacing these components. In addition, an anti-aliasing
filter must be used that is programmable according to the
bandwidth to prevent aliasing. Such programmable analog
anti-aliasing filters preceding the A/D converter can be
difficult to design and configure and can be expensive.
Problems may also arise in interfacing with carriers due, for
example, to the unavailability of an A/D using an appropri-
ate sample rate for the bandwidth of the analog signals from
a particular carrier.

Therefore, systems and methods are desirable that can
utilize serial link bandwidth efficiently without requiring
different sample rates for A/Ds or D/As.

SUMMARY

In an embodiment, a distributed antenna system is pro-
vided. The distributed antenna system includes a master unit
and a remote unit. The master unit includes an analog-to-
digital converter (A/D) and a re-sampling device. The A/D
can use a sample rate to convert a downlink RF signal to a
digital downlink signal. The re-sampling device can output
a re-sampled digital downlink signal by re-sampling the
digital downlink signal at a resample rate that is different
than the sample rate and that is based on at least one factor.
The master unit can provide the re-sampled digital downlink
signal to a communication medium. The remote unit
includes a second re-sampling device and a digital-to-analog
converter (D/A). The second re-sampling device can resa-
mple the re-sampled digital downlink signal at a second
resample rate that is reciprocal to the resample rate to output
the digital downlink signal. The D/A can convert the digital
downlink signal to the downlink RF signal.

In another embodiment, a wireless telecommunications
signal distribution system is provided that includes A/Ds and
re-sampling devices. The A/Ds can convert signals using a
common sample rate to digital signals corresponding to the
signals. The re-sampling devices can output re-sampled
signals. Each re-sampling device can resample a digital
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signal at a resample rate that is different than the common
sample rate and that is based on a bandwidth associated with
at least one of a component of the system, an input signal,
or a carrier in communication with the system.

In another embodiment, a system is provided that includes
an interface device and a re-sampling device. The interface
device can provide a previously sampled digital signal to the
re-sampling device. The re-sampling device can output a
re-sampled digital signal by re-sampling the previously
sampled digital signal using a resample rate that is based on
a bandwidth associated with at least one of a component of
the system, a signal represented by the previously sampled
digital signal, or a carrier in communication with the system.

The terms “invention,” “the invention,” “this invention™
and “the present invention” used in this patent are intended
to refer broadly to all of the subject matter of this patent and
the patent claims below. Statements containing these terms
should be understood not to limit the subject matter
described herein or to limit the meaning or scope of the
patent claims below. Features of the invention covered by
this patent are defined by the claims below, not this sum-
mary. This summary is a high-level overview of various
aspects of the invention and introduces some of the concepts
that are further described in the Detailed Description section
below. This summary is not intended to identify key or
essential features of the claimed subject matter, nor is it
intended to be used in isolation to determine the scope of the
claimed subject matter. The subject matter should be under-
stood by reference to appropriate portions of the entire
specification of this patent, any or all drawings and each
claim.

2

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of a communication system
having re-sampling devices according to one embodiment of
the present invention.

FIG. 2A is a block diagram of a master unit capable of
communicating data from input signals via a serial link
according to one embodiment of the present invention.

FIG. 2B is a block diagram of a remote unit capable of
receiving digital signals representing the input signals from
the master unit of FIG. 2A via the serial link according to
one embodiment of the present invention.

FIG. 3A is a block diagram of a master unit with re-
sampling devices according to a second embodiment of the
present invention.

FIG. 3B is a block diagram of a remote unit having
re-sampling devices and being capable of communicating
with the master unit of FIG. 3A according to a second
embodiment of the present invention.

FIG. 4 includes a table of resample rate examples accord-
ing to one embodiment of the present invention.

FIG. 5 depicts a frame structure according to one embodi-
ment of the present invention.

FIG. 6 includes a table of frame structure fields and
corresponding octets according to one embodiment of the
present invention.

FIG. 7 depicts a frame structure having payload that
includes signals from six bands according to one embodi-
ment of the present invention.

FIG. 8A is a block diagram of an integrated device having
an analog-to-digital converter (A/D), mixer, and re-sampling
device disposed therein according to one embodiment of the
present invention.
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FIG. 8B is a block diagram of an integrated device having
a re-sampling device, a mixer, and a digital-to-analog con-
verter (D/A) disposed therein according to one embodiment
of the present invention.

DETAILED DESCRIPTION

Certain aspects and features relate to re-sampling a digi-
tized signal at a resample rate that is selected based on one
or more factors—a “flex-banding” approach. The factors can
include the bandwidth of the input signal that the digitized
signal represents, the amount of bandwidth owned or used
by the carrier that is the source of the input signal, the full
bandwidth of the designated RF band, the bandwidth of the
serial link, the frame length of the serial link, the segmen-
tation of the frames on the serial link, and the capability of
the equipment at the receiving end of a serial link. The
re-sampled signal can be multiplexed and transmitted on the
serial link to another unit that is remote to the unit trans-
mitting the signal. The other unit can include a re-sampling
device capable of restoring the re-sampled signal to a digital
signal that can be converted to an analog signal by a
digital-to-analog converter (D/A). By re-sampling the digi-
tized signal at the selected resample rate, the bandwidth of
the serial link can be better utilized without requiring an
analog-to-digital converter (A/D) or a D/A to be specially
configured. For example, certain embodiments can allow
digitized signals to be transported at or as close as possible
to a minimal sampling rate needed for the relevant RF
band(s).

In some embodiments, a master unit is provided that is in
communication with various telecommunication network
operators which are referred to herein as carriers, such as
cellular service providers. The master unit can process
composite input signals from the various carriers by con-
verting the input signals to digital signals using a common
sample rate and re-sampling each digital signal at a resample
rate that is selected based on one or more factors, such as the
bandwidth of the particular input signal that the digital
signal represents. In other embodiments, the master unit can
receive previously sampled signals as digital signals from
one or more carriers and re-sample the previously sampled
signals at the resample rate. The re-sampled signals can be
transmitted to a remote unit that can process the re-sampled
signals to generate analog signals corresponding to the input
signals. The analog signals can be transmitted wirelessly (or
otherwise) to remote devices, such as mobile devices. This
can be referred to as a “downlink path.” An “uplink path”
can include similar processing of signals from the remote
devices for receipt by a respective carrier, except the remote
units include circuitry or modules capable of re-sampling a
digital representation of each signal at a selected resample
rate for each signal and the master unit is capable of
processing the re-sampled signals to generate analog signals
corresponding to the signals from the remote devices, or to
generate digital signals corresponding to the signals from the
remote devices.

A “re-sampling device” may be a device that receives a
digital signal that is sampled at a certain sample rate and
outputs a digital signal that is sampled at a different sample
rate. A sample rate can be changed using any rational
relationship between an input sample rate and an output
sample rate, as shown by the following relationship:
F,, =F.,* 1/D. “I” and “D” can be any integer, including one.
When “D” is one, a re-sampling device may effectively be
an interpolator. When “I” is one, a re-sampling device may
effectively be a decimator.
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Decimation can be performed by first filtering the digital
signal to prevent aliasing when the lower sample rate is
applied. The filter parameters can be selected to prevent
aliasing that may result from the down-sampling operation.
Aliasing may not be completely prevented, but the filter
stop-band can be selected such that acceptably low level of
aliasing occurs due to down-sampling the signal. In some
implementations, the filter is selected to have a stop-band
that starts at a frequency of w,,,,=n/D radians/second.

An interpolator can first insert -1 zeroes between incom-
ing samples. As a result, images of the original spectrum can
occur every 2 /] radians/second. In some implementations,
the filter that follows the up-sampling has a w,,,, =1
radians/second.

In some implementations, fractional rate changes of I/D
can be performed. In these implementations, the process of
interpolation and decimation can be combined to produce a
rate change that is F,,*I/D. The interpolation filter and the
decimation filter can be combined to form a single filter. The
stop-band of the filter can be selected to be w,,,,=min{z/D,
7t/1} radians/second.

These illustrative examples are given to introduce the
reader to the general subject matter discussed here and are
not intended to limit the scope of the disclosed concepts. The
following sections describe various additional embodiments
and examples with reference to the drawings in which like
numerals indicate like elements, and directional descriptions
are used to describe the illustrative embodiments but, like
the illustrative embodiments, should not be used to limit the
present invention.

FIG. 1 depicts a downlink path from a master unit 100 to
a remote unit 101 according to one embodiment. An input
signal 102, such as a signal from a carrier, is received. The
input signal 102 can be associated with a bandwidth that
may depend on the bandwidth that the carrier owns or has
configured the carrier system to utilize. The master unit 100
includes an analog interface, such as an anti-aliasing filter
103 that is capable of filtering the input signal 102 and an
A/D converter 104 that is capable of converting the input
signal 102 to a digital signal by sampling the input signal
102 at a sample rate 106. In some embodiments, as
explained below, the interface device also includes an RF
front-end. The sample rate 106 can be a common sample rate
that is used to convert signals from carriers generally. In
other embodiments, the interface device is a digital interface
that is configured to receive a previously sampled signal as
a digital input signal. For example, the digital interface may
replace the anti-aliasing filter 103 and A/D converter 104 in
FIG. 1.

The digital signal is re-sampled by a re-sampling device
108 at a resample rate 110 that is selected based on one or
more factors that can include the bandwidth associated with
the input signal 102 and/or the bandwidth that the carrier
owns. Other factors include the bandwidth of a communi-
cation medium 114 between the master unit 100 and remote
unit, and the capability of the remote unit 101. For example,
the resample rate 110 may be different if the communication
medium 114 has a 10 Gbps bandwidth as opposed to one
with a bandwidth of 1 Gbps. The resample rate 110 can be
generated and configured using hardware, software, or a
combination of hardware and software. For example, the
master unit 100 can include an application-specific inte-
grated circuit (ASIC), a field-programmable gate array
(FPGA), a digital signal processor (DSP), or similar device
that is capable of outputting and/or generating the resample
rate 110 based on the one or more factors. In some embodi-
ments, the resample rate 110 is configured manually or
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remotely based on the bandwidth of the input signal 102 at
location of the master unit 100. In other embodiments, the
resample rate 110 is selected dynamically or automatically
based on the one or more factors. The resample rate 110 may
be lower than the sample rate 106 such that the bandwidth
of the re-sampled signal is less than the digital signal. The
re-sampled signal can be transmitted by a transmitter 112
over the communication medium 114 to the remote unit 101.
The communication medium 114 may be any medium
capable of carrying the re-sample signal to the remote unit
101. In some embodiments, the communication medium 114
is a serial link. Examples of communication medium 114
include a copper or optical cable and a microwave link. The
communication medium 114 may include a downlink cable
and an uplink cable that is separate from the downlink cable.

The remote unit 101 can include a receiver 116 that can
detect the re-sampled signal from the communication
medium 114. The receiver 116 can provide the re-sampled
signal to a re-sampling device 118 that can use a rate that is
related to the resample rate 120, such as a reciprocal of the
resample rate 120 to output a digital signal that corresponds
to the digital signal outputted by the A/D converter 104. In
some embodiments, the reciprocal of the resample rate 120
is the inverse of the resample rate 110. In other embodi-
ments, the reciprocal of the resample rate 120 is not the
inverse of the resample rate 110 and instead is a rate that has
a relationship to the resample rate 120. The remote unit 101
can include a D/A converter 122 that can use a sample rate
124 to convert the digital signal to an output signal 126 that
corresponds to, or represents, the input signal 102. The
output signal 126 can be transmitted to a remote device, such
as a mobile device, by the remote unit 101. For example, the
remote unit 101 may be a remote antenna unit that is capable
of wirelessly communicating with a mobile device. In some
embodiments, the remote unit 101 includes an analog inter-
polating filter and an RF back-end that are capable of
processing the analog signal prior to transmission.

Although only a downlink path is depicted in FIG. 1,
various embodiments contemplate a bidirectional commu-
nication system, such as a system that also includes an
uplink path. For example, the remote unit 101 can receive
signals from remote devices, convert them to a digital
representation, re-sample the signals and transmit
re-sampled signals via communication medium 114, or a
second communication medium, to the master unit 100 and
the master unit 100 can process the re-sampled signals to
output corresponding signals, analog or digital, to the car-
rier.

The master unit 100 can include additional components
capable of receiving more than one input signal from one or
more carriers and transmitting a digital representation of the
input signals to the remote unit 101 for distribution to
various remote devices. In some embodiments, the master
unit 100 is configured to resample one digital signal corre-
sponding to one input signal and transmit the re-sampled
digital signal with digital signals corresponding to other
input signals. The remote unit 101 can include components
capable of processing the re-sampled digital signal and the
digital signals. Re-sampling one digital signal, for example,
can decrease the amount of bandwidth required to transmit
the re-sampled digital signal with the other digital signals
that are not re-sampled. In other embodiments, the master
unit 100 includes components capable of re-sampling digital
signals representing various input signals such that the
required bandwidth is decreased even more. The remote unit
101 can include components capable of processing the
re-sampled digital signals.
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FIG. 2A depicts an example of the master unit 100 that
includes additional components for re-sampling digital sig-
nals representing input signals 102a-» from various sources
or carriers. The input signals 102a-» may be associated with
different bandwidths, such as the bandwidths of the input
signals 102a-r and/or the bandwidths owned by the carriers.
The master unit 100 can transmit the re-sampled digital
signals to the remote unit 101 that is depicted in FIG. 2B.

The master unit 100 includes anti-aliasing filters 103a-»
that are capable of filtering input signals 102a-#. The master
unit 100 also includes A/D converters 104a-n, each being
capable of converting an input signal to a digital signal at a
common sample rate 106. For example, A/D converter 104a
converts input signal 102 to a digital signal and A/D
converter 1045 converts input signal 1025 to a second digital
signal. In other embodiments, one or more of both anti-
aliasing filters 103a-» and A/D converters 104-g-n are
replaced with a digital interface that can receive a previously
sampled signal as an input digital signal. The master unit 100
includes re-sampling devices 108a-7, each being capable of
re-sampling a digital signal at a resample rate 110a-7 that is
selected based on one or more factors, such as the bandwidth
of the input signal that the particular digital signal repre-
sents. For example, re-sampling device 108a is capable of
re-sampling the digital signal from A/D converter 104q at a
resample rate 110q that can depend on the bandwidth of the
input signal 102a. Re-sampling device 1085 can resample
the digital signal from A/D converter 1045 at a resample rate
1105 that can depend on the bandwidth of the input signal
1024 and that may be different than the resample rate 110aq.
The output of the re-sampling devices 108a-z includes
re-sampled signals that may have been re-sampled at dif-
ferent resample rates and, thus, can have different band-
widths.

The master unit 100 can include a framer 128 that, as
explained in more detail below, can multiplex the
re-sampled digital signals and create a frame that includes
the re-sampled signals from one or more of the re-sampling
devices 108a-n disposed in the frame. The framed data can
be serialized by the serializer 130 and provided to the
transmitter 112 for output on the communication medium
114 to the remote unit 101, as shown by the circled A in
FIGS. 2A-B. For example, the communication medium 114
may be an optical fiber (single mode or multi-mode) and the
transmitter 112 can be capable of translating the serialized
data into a coded light pulses that form a serial bit stream and
of using an injection-laser diode, or other suitable light
source, to generate light pulses that are, using suitable
optical lenses, provided to the optical fiber. By re-sampling
the digital signals at flexible re-sampling rates, the band-
width of the communication medium 114 can be better
utilized.

The remote unit 101 includes a receiver 116 that can
detect the serialized data from communication medium 114.
For example, the receiver 116 can include a light sensitive
component capable of detecting the light pulses from a
communication medium 114 that is an optical fiber, and can
include a translation component capable of translating the
light pulses to serial frame data represented digitally. The
serial frame data can be provided to a deserializer 132. The
deserializer 132 can convert the serial frame data to parallel
frame data that is provided to de-framer 134. The de-framer
134 can de-multiplex the parallel frame data and extract
each of the re-sampled digital signals. In some embodi-
ments, a jitter buffer is positioned between the deserializer
132 and de-framer 134, such as where communication
medium 114 allows for asynchronous serial transport.
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The re-sampled digital signals can be provided to re-
sampling devices 118a-r such that a re-sampled digital
signal is provided to the appropriate re-sampling device.
Each of the re-sampling devices 118a-» can use correspond-
ing reciprocals of the resample rates 120a-n, or otherwise
rates related to the resample rates 120a-n, to convert the
re-sampled digital signals to digital signals, such as complex
digital signals at baseband. For example, re-sampling device
1184 can use a reciprocal of the resample rate 120a that is
the reciprocal of resample rate 110a to convert a re-sampled
digital signal to a real or complex digital signal at baseband
that represents input signal 102a. Similarly, reciprocal of the
resample rate 1205 can correspond to resample rate 1105
and can be used to output a real or complex digital signal at
baseband that represents input signal 10264.

The digital signals can be provided to D/A converters
122a-n such that a digital signal is provided to the appro-
priate D/A converter. The D/A converters 122a-n convert the
digital signals using sample rate 124 and up-convert the
signals to an appropriate frequency for modulation onto
analog output signals 126a-z. In some embodiments, the
sample rate 124 is the same rate as sample rate 106. In other
embodiments, the sample rate 124 is different than the
sample rate 106.

FIGS. 3A-3B schematically depict a second embodiment
for implementing a master unit 200 communicating with a
remote unit 201 via a communication medium 218. As with
the embodiments disclosed in FIGS. 1 and 2A-2B, a down-
link path is shown and described, but various aspects can be
applied to an uplink path from a remote unit 201 to a master
unit 200 alternatively or in addition to the downlink path
described.

The master unit 200 includes front-end components 202a-
n, each capable of receiving an input signal from a carrier
and down-converting the input signal from a radio frequency
(RF) to an intermediate frequency (IF). The front-end com-
ponents 202a-r can each include a low noise amplifier,
mixer, and anti-aliasing filters to down-convert the input
signal to the IF frequency and to prevent aliasing. The
front-end components 202¢-» may be configured to be
generic such that the front-end components 202a-n are
usable for different bands (e.g. AMPS, PCS, and AWS).
Each input signal corresponds to a bandwidth and/or a
bandwidth owned by the respective carrier. The input signals
at IF can be converted to digital signals by A/D converters
204a-n. The A/D converters 204a-n shown in FIG. 3A use
a sample rate of 200 MHz. Other sample rates can be used.
The sample rate may be selected so that the same hardware
can be used for any band. The output of the A/D converters
204a-r in FI1G. 3A includes 14-bit digital signals at 200 MHz
that are provided to first in, first out (FIFO) devices 206a-n.
In some embodiments, the output of the A/D converters
204a-r are complex signals. The FIFO devices 206a-z can
assist in ensuring proper timing in the system or otherwise
queuing digital signals for further processing. The digital
signals are provided to complex mixers 208a-n that are
capable of outputting complex digital signals (e.g. signals
representing both in-phase and quadrature components) that
are at baseband. The embodiment shown in FIG. 3A can be
implemented without complex mixers 208a-n, or with real
mixers instead of complex mixers. In some embodiments,
the master unit 200 can include a digital interface that
receives previously sampled signals as input digital signals.

The complex digital signals are provided to re-sampling
devices that are fractional re-samplers 210a-n. Each of the
fractional re-samplers 210a-n is capable of re-sampling a
complex digital signal according to a resample rate (N/M)
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that is selected based on factors such as the bandwidth of the
corresponding input signal. The output of the fractional
re-samplers 210a-z includes re-sampled complex digital
signals. FIG. 4 includes a table that depicts examples of
re-sample rates for N values of 1 to 15 for various carrier or
input signal bandwidths. An example of M is 30.

As shown in the examples in the table of FIG. 4, the
resample rate can be selected based on the carrier bandwidth
such that lower resample rates can be used for lower
bandwidths and such that the re-sampling rate is greater than
or equal to the occupied bandwidth of the carrier signals,
including a filter shape factor. The number of complex
samples can be determined by dividing a frame period of a
communication medium, (e.g. a serial link having a frame
period of 1.2 ps, by a complex re-sampled sample period
(1/resample rate). The number of octets per sample can be
determined by dividing the number of bits required by eight.
The number of octets of data to be included in a frame is an
integer number that depends on the resample rate and the
number of octets per sample such that lower carrier band-
width signals consume fewer octets for a frame. The number
of octets can be determined by multiplying the number of
complex samples by the number of octets per sample and by
two. Multiplying by two can account for complex signals
that include an I and Q term for each sample. In some
embodiments, and as reflected in the table in FIG. 4, lower
values of N correspond to more required bits to account for
narrower re-sampling that filters more noise. The additional
bits (in this example two additional bits, although one
additional bit can be sufficient for some bandwidths) are
included to represent the signal so that the noise voltage
traverses enough quantization levels to stay in the linear
region of A/D converters when no signal is present. For
example, if too much noise (e.g. a percentage greater than a
certain threshold) is filtered out of the signal and no signal
is present, the noise may not traverse more than one quan-
tization level and the system is muted. The additional bit or
bits can prevent such muting. In some implementations,
when the noise is reduced by a factor of one-fourth, another
bit is added. For example, reducing from 80 MHz to 20 MHz
may involve adding a bit and reducing from 20 MHz to 5
MHz may involve adding a bit. Each bit can represent a 6 dB
increase in dynamic range.

The re-sampled signals are provided to band filters 212a-»
in FIG. 3A for filtering to ensure a desired band is passed.
For example, a band filter can be configured to pass signals
from one carrier (the carrier providing the input signals for
which the band filter is processing the corresponding digital
signals), but not from another carrier. The band filters
212a-r may also increase downlink to uplink isolation. The
bandwidth of each of the band filters 212a-» may depend on
the bandwidth of the respective input signals. For example,
the bandwidth of band filter 2124 can depend on the band-
width of the input signal 1 and the bandwidth of band filter
2125 can depend on the bandwidth of the input signal 2. The
framer 214 can multiplex the re-sampled and filtered digital
signals and generate a frame having the re-sampled and
filtered digital signals disposed therein.

FIG. 5 depicts an example of a frame structure that framer
214 can be configured to use. The frame structure in FIG. §
is an Ethernet frame structure usable in a system implement-
ing the IEEE 802.3 standard. Other types of frame struc-
tures, such as SONET, CPRI, and OBSAI, however, can be
used. The Ethernet frame structure uses a frame length of
1500 octets, but other lengths can be used. The Ethernet
frame structure includes a packet 302 that includes a pre-
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amble 304 corresponding to seven octets, a start frame
delimiter (SFD) 306 corresponding to one octet, a frame,
and an extension 320.

The frame includes a destination address 308 correspond-
ing to six octets, a source address 310 corresponding to six
octets, length/type corresponding to two octets, MAC client
data 314, packet assembler/disassembler (PAD) 316, and a
frame check sequence 318 corresponding to four octets. The
MAC client data 314 and PAD 316 can correspond to 46 to
1500 or 1504, or 1982 octets, depending on the payload size
and frame length.

The octets in the fields can be transmitted in order from
top to bottom in the frame structure depicted in FIG. 5. FIG.
5 also depicts a bit structure 322 for the fields from which
bits are transmitted from left to right (i.e. from the length
significant bit (LSB) to the most significant bit (MSB)).

A table in FIG. 6 lists the fields of the frame structure and
corresponding octets, including the available octets for pay-
load data. In this example, the number of octets available for
payload data is 1297 octets if the link in an installation
includes a 1 Gb link and control data. If not included, the
number of octets available for payload data is 1447. An
example of a frame rate for the data in the table of FIG. 6
is 833333.333 Hz and an example frame duration is 1.2 ps.

FIG. 7 depicts an example frame structure in which six
bands of signals: three at 25 MHz, two at 45 MHz, and one
at 75 MHz are disposed. More or less bands, however, can
be used. Each of the 25 MHz bands consumes 140 octets in
the frame. Each of the 45 MHz bands consumes 216 octets
in the frame. The 75 MHz band consumes 360 octets. The
total payload consumes 1212 octets. By re-sampling the
digital signals using customized resample rates, the number
of octets consumed by six bands, for example, is reduced.

Returning to FIG. 3A, a serializer 216 outputs the frame
as serial data to communication medium 218 that transports
the serial data as shown via the circled B to the remote unit
201 depicted in FIG. 3B. The remote unit 201 in FIG. 3B
includes a deserializer 220 that converts the serial data to
frame data and provides the frame data to de-framer 222. In
some embodiments, a jitter buffer is between the deserializer
220 and the de-framer 222, such as for asynchronous trans-
port. The de-framer 222 extracts the re-sampled digital
signals according to the defined frame structure and provides
each re-sampled digital signals to the appropriate one of the
re-sampling devices that are shown as fractional re-sampler
M/N 224a-n. These devices can use the reciprocal of the
corresponding resample rates to output complex digital
signals at 200 MHz. Complex mixers 226a-n can remove the
complex components of the digital signals and provide
digital signals at 14 bits to D/A converters 228a-n. The D/A
converters can use a sample rate of 200 MHz to convert the
digital signals to analog data at an intermediate frequency
with which back-end components 230a-z can convert it to
an appropriate frequency for amplification by power ampli-
fiers 232g-n and transmission to remote devices. The
embodiment in FIG. 3B can be implemented without com-
plex mixers 226a-n or with real mixers instead of complex
mixers 226a-n.

Re-sampling devices according to various embodiments
of the present invention can be packaged using various
configurations. In some embodiments, the re-sampling
devices are modular components that are each packaged
separately from other components in a system. In other
embodiments, the re-sampling devices are each packaged in
an integrated device with one or more other components,
respectively.
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FIG. 8A depicts an integrated device 402 that includes an
A/D converter 404, a frequency conversion device that is a
complex mixer 406, and a re-sampling device that is a
fractional re-sampler N/M 408 in one integrated package. In
other embodiments, the integrated package includes the
complex mixer 406 (or other type of frequency conversion
device) and the fractional re-sampler N/M 408, but not the
A/D converter 404. For example, the integrated package
may be used with a digital interface for which an A/D
converter is not used. FIG. 8B depicts a second integrated
device 412 that includes a re-sampling device that is a
fractional re-sampler M/N 414, a frequency conversion
device that is a complex mixer 416, and a D/A converter 418
in one integrated package. In other embodiments, the inte-
grated package includes the fractional re-sampler M/N 414
and the complex mixer 416 (or other type of frequency
conversion device), but not the D/A converter 418.

The foregoing description of the embodiments, including
illustrated embodiments, of the invention has been presented
only for the purpose of illustration and description and is not
intended to be exhaustive or to limit the invention to the
precise forms disclosed. Numerous modifications, adapta-
tions, and uses thereof will be apparent to those skilled in the
art without departing from the scope of this invention.

What is claimed is:

1. A distributed antenna system comprising:

a master unit comprising:

an analog-to-digital converter configured to use a
sample rate to convert downlink radio frequency
signals to digital downlink signals;

re-sampling devices configured to output re-sampled
digital downlink signals by re-sampling the digital
downlink signals at customized resample rates that
are less than the sample rate and that are based on at
least one factor, the re-sampled digital downlink
signals having a smaller bandwidth than the digital
downlink signals; and

a framer configured to multiplex the re-sampled digital
downlink signals and to generate a first frame that
includes the re-sampled digital downlink signals as
framed data for transport to one or more remote units
of the distributed antenna system, wherein the one or
more remote units of the distributed antenna system
are configured to transmit radio frequency signals
using at least one antenna, wherein the transmitted
radio frequency signals are derived from the framed
data of the first frame received from the master unit.

2. The distributed antenna system of claim 1, wherein the
first frame contains more information as compared to a
second frame containing the digital downlink signals and
that is a same size as the first frame.

3. The distributed antenna system of claim 1, wherein the
customized resample rates include a first resample rate and
a second resample rate that is at a different rate than the first
resample rate.

4. The distributed antenna system of claim 1, further
comprising:

a serializer configured to serialize the framed data; and

a transmitter configured to output serialized framed data

from the serializer on a communication medium for

receipt by the one or more remote units.

5. The distributed antenna system of claim 1, wherein the
first frame is an Ethernet frame comprising a preamble, a
start frame delimiter, a destination address, a source address,
length or type, MAC client data, packet assembler/dissem-
bler, a frame check sequence, and an extension.
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6. The distributed antenna system of claim 1, further
comprising:

the one or more remote units associated with antennas and
configured to provide wireless coverage in an area, at
least one remote unit of the one or more remote units
comprising:

a de-framer configured to extract the re-sampled digital
downlink signals;

remote unit re-sampling devices configured to
re-sample the digital downlink signals to produce
remote unit digital downlink signals at a remote unit
resample rate that is higher than the customized
resample rates; and

a digital-to-analog converter configured to produce the
downlink radio frequency signals from the remote
unit digital downlink signals.
7. The distributed antenna system of claim 1, wherein the
at least one factor includes a bandwidth owned by a carrier
that is a source of the downlink radio frequency signals.
8. The distributed antenna system of claim 1, wherein the
at least one factor includes the bandwidth of a communica-
tion medium between the master unit and the one or more
remote units.
9. The distributed antenna system of claim 1, wherein the
at least one factor includes the bandwidth of the downlink
radio frequency signals.
10. The distributed antenna system of claim 1, wherein the
analog-to-digital converter and at least one of the re-sam-
pling devices are disposed in an integrated device in the
master unit.
11. A distributed antenna system, comprising:
a remote unit configured to be associated with an antenna
for providing wireless coverage in an area, the remote
unit comprising:
an analog-to-digital converter configured to use a
sample rate to convert uplink radio frequency signals
to digital uplink signals;

re-sampling devices configured to output re-sampled
digital uplink signals by re-sampling the digital
uplink signals at customized resample rates that are
less than the sample rate and that are based on at least
one factor, the re-sampled digital uplink signals
having a smaller bandwidth than the digital uplink
signals; and

a framer configured to multiplex the re-sampled digital
uplink signals and to generate a first frame that
includes the re-sampled digital uplink signals as
framed data for transport to a master unit of the
distributed antenna system, wherein master unit of
the distributed antenna system is configured to com-
municate uplink signals derived from the framed
data of the first frame received from the remote unit.

12. The distributed antenna system of claim 11, wherein
the first frame contains more information as compared to a
second frame containing the digital uplink signals and that
is a same size as the first frame.

13. The distributed antenna system of claim 11, wherein
the customized resample rates include a first resample rate
and a second resample rate is at a different rate than the first
resample rate.

14. The distributed antenna system of claim 11, further
comprising:

a serializer configured to serialize the framed data; and

a transmitter configured to output serialized framed data
from the serializer on a communication medium for
receipt by the master unit.



US 9,450,653 B2

13

15. The distributed antenna system of claim 11, wherein
the first frame is an Ethernet frame comprising a preamble,
a start frame delimiter, a destination address, a source
address, length or type, MAC client data, packet assembler/
dissembler, a frame check sequence, and an extension.

16. The distributed antenna system of claim 11, further
comprising:

the master unit configured to communicatively couple to

one or more base stations, the master unit comprising:

a de-framer configured to extract the re-sampled digital
uplink signals;

master unit re-sampling devices configured to
re-sample the digital uplink signals to produce mas-
ter unit digital uplink signals at a master unit resa-
mple rate that is higher than the customized resample
rates; and

a digital-to-analog converter configured to produce the
uplink radio frequency signals from the master unit
digital uplink signals.

17. The distributed antenna system of claim 11, wherein
the at least one factor includes the bandwidth of a commu-
nication medium between the master unit and the remote
unit.

18. The distributed antenna system of claim 11, wherein
the at least one factor includes the bandwidth of the uplink
radio frequency signals.

5

10

15

20

25

14

19. The distributed antenna system of claim 11, wherein
the analog-to-digital converter and at least one of the re-
sampling devices are disposed in an integrated device in the
remote unit.
20. A method, comprising:
digitizing downlink radio frequency signals to digital
downlink signals using a sample rate at a master unit of
a distributed antenna system;

re-sampling the digital downlink signals at the master unit
at customized resample rates that are less than the
sample rate and that are based on at least one factor to
output re-sampled digital downlink signals, the re-
sampled digital downlink signals having a smaller
bandwidth than the digital downlink signals;

multiplexing the re-sampled digital downlink signals at
the master unit;

generating a frame at the master unit, the frame including

the re-sampled digital downlink signals as framed data
for transport to one or more remote units to provide
wireless coverage in an area;

transporting the frame including the framed data to the

one or more remote units from the master unit;
deriving radio frequency signals from the framed data of

the first frame at the one or more remote units; and
transmitting the derived radio frequency signals using at

least one antenna at the one or more remote units.
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